We demonstrate a quantum dot photonic crystal nanocavity laser electrically pumped by a lateral p-i-n junction. Thresholds of 181nA at 50K and 287nA at 150K are observed, lower than any other laser.
Optically pumped photonic crystal nanocavity lasers represent the state of the art in low threshold lasers, and are being investigated for many applications including optical interconnects. Photonic crystal cavities are an ideal platform for low power laser sources because relative to other types of optical micro and nanocavities photonic crystals enable enhanced interaction between light and matter. Because of this, optically pumped photonic crystal lasers have been demonstrated with nanowatt thresholds [1] and modulation rates exceeding 100GHz [2] . However, photonic crystals lasers are intrinsically difficult to electrically pump because it is difficult to efficiently inject carriers into the active region of the laser. For this reason the demonstrations mentioned above relied on impractical optical pumping.
Electrically pumped lasing has been demonstrated in a photonic crystal cavity by using a vertical p-i-n junction and a current post connecting the cavity to the substrate [3] . There are a number of disadvantages to this approach. First, the current post limits the quality factor of the cavity, and restricts the choice of cavity design [4] . A high threshold current of 260µA (corresponding to 260µW power dissipation) is observed, significantly higher than in optically pumped photonic crystal devices and higher even than low-threshold VCSELs [5] . A lateral p-i-n junction is a simpler and more flexible fabrication procedure that can give better control over current flow. Because of this we are able to demonstrate an electrically pumped photonic crystal laser with threshold power dissipation comparable to that demonstrated in optically pumped photonic crystal devices. Figure 1a shows a schematic diagram of the electrically pumped laser. The intrinsic region is designed to be 400nm wide in the cavity region and extends to 5µm wide to the sides of the cavity. For the cavity we choose a modified 3-hole defect photonic crystal cavity. Finite difference time domain (FDTD) simulations are used to simulate the fundamental mode of the cavity, and the quality factor is found to be 115,000. Ion implantation of Be and Si ions is used to dope the p and n regions respectively. Because of the damage caused by ion implantation, the implanted regions must be precisely aligned to the photonic crystal cavity to avoid damaging the active region. Electron beam lithography is used to define the doping regions and align them to the photonic crystal cavity with sub-30nm accuracy.
In order to activate the dopants and remove most of the ion implantation induced damage the sample is annealed at 850C for 15s in a rapid thermal annealer. A 40nm thick nitride cap is used to prevent As outdiffusion during the anneal. Hall effect and electrochemical capacitance voltage measurements are performed on semiinsulating GaAs test samples implanted and annealed with the same conditions as the laser samples. We find that the average doping density in the membrane is 6.0*10 17 cm -3 (2.5*10 -19 cm -3 ) and the mobility is 1930 cm 2 /Vs (126cm 2 /Vs ) for the n-type (p-type) sample. The gain material for the laser is 3 layers of high density (300/µm 2 ) InAs quantum dots grown to emit at a wavelength near 1300nm at room temperature. Further details of the fabrication procedure can be found in reference [6] . Figure 1b and c show the SEM images of the fabricated photonic crystal laser. The parameters of the cavity are chosen so that the fundamental resonance of the cavity is at a wavelength of 1174nm near the center of the quantum dot gain spectrum at low temperature. We confirm that this mode is the fundamental mode of the cavity by identifying the higher order cavity modes in the electroluminescence spectra and comparing them with FDTD simulations. Figure 1d shows the output power of the laser as a function of continuous wave pump current at several different temperatures. We observe lasing at temperatures below 150K. A measurement of the same structure at 200K is included for comparison. To determine the lasing threshold, we use a linear fit to the above threshold characteristics and extrapolate that to zero output power (red lines in Figure 1d ). We find that the threshold of our laser is 181nA at 50K and 287nA at 150K. To the best of our knowledge this is the lowest threshold demonstrated
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in an electrically pumped semiconductor laser and is more than three orders of magnitude lower than in the previous demonstration of an electrically pumped photonic crystal laser [4] . The low thresholds can be attributed to better control over current flow and decreased surface recombination in quantum dot photonic crystal lasers. We estimate that the total power radiated by the laser is on the order of a few nW well above threshold. Although we have optimized our design to reduce the leakage current, we still observe some leakage especially at low voltages that we can subtract from the total current by fitting the current-voltage characteristics to an ideal diode. Figure 1e plots the light output of the laser after the leakage current has been subtracted. The threshold not including the leakage current is found to be only 70nA indicating that there is substantial room for improvement in threshold current. The result is fit to the laser rate equations to determine the fraction of spontaneous emission that couples to the laser mode (also known as β) and this is found to be around 0.38 (red line in figure 1e ).
The quality factor of the cavity is measured from the spectrum of the laser around threshold to be 1130, significantly lower than predicted by FDTD simulations. We believe that a combination of free carrier absorption and surface roughness due to the fabrication procedure is limiting the quality factor of the cavity. As the temperature is increased the cavity mode and the quantum dot gain spectrum redshift at different rates. At temperatures above 150K the cavity resonance is no longer resonant with the quantum dot gain, and because of this lasing at higher temperatures is not observed. For practical applications it will be necessary to demonstrate lasing at room temperature. We believe that minor refinements to the fabrication procedure to align the cavity mode with the gain spectrum and to improve the quality factor of the cavities will allow lasing at room temperature.
In conclusion, we have used a lateral p-i-n junction to electrically pump a photonic crystal nanocavity laser. The laser has a threshold of only 181nA at 50K and 287nA at 150K, the lowest threshold ever demonstrated in an electrically pumped semiconductor laser. The low power dissipation of these lasers makes them very promising for many applications including optical interconnects.
